ABSTRACT
INTRODUCTION
Correlated transition-metal oxides host a vast landscape of novel phenomena in condensed matter physics, such as multiferroicity, metal-insulator transitions (MIT), quantum magnetism and colossal magnetoresistance [1] [2] [3] [4] [5] . Among these materials, perovskite SrVO 3 (SVO) with a 3d 1 electronic configuration is one of such typical strongly correlated systems used to study the MIT. Although SVO bulk and films have been extensively studied in the past, exhibiting a robust metallic character and an enhanced Pauli paramagnetic behavior, theoretical studies have predicted that a MIT in SVO thin films can appear as the SVO thickness is reduced to a few unit cells [6, 7] . Fortunately, experimental results in ultrathin films seem to verify this prediction: a dimensional-crossover-induced MIT was observed in single SVO ultrathin films [8] [9] [10] [11] . Similar results have also been obtained in other materials, including LaNiO 3 , La 2/3 Ca 1/3 MnO 3 and CaVO 3 [12] [13] [14] . Based on the Mott-Hubbard theory, MIT can be controlled by the competition between the on-site Coulomb repulsion U and the electronic bandwidth W [1] . The aforementioned MIT in these films is attributed to a reduced effective W with decreasing film thickness, which facilitates a Mott insulating state and forms a pseudogap at the Fermi level [8] . On the other hand, chemical substitution can also be used to study the MIT. It has been reported that a MIT is induced in SVO alloyed with La or Ca (La 1- x Sr x VO 3 or Ca 1-x Sr x VO 3 ), in which W is influenced by the resultant changes in the bond angle and band length of oxygen ions with transition metal ions. Thus, the electron correlation U/W is enhanced in La 1-x Sr x VO 3 or Ca 1-x Sr x VO 3 [15, 16] . For the ultrathin films, however, one should notice that the dimensional-crossover-induced MIT experiences a thickness-dependent relaxation of strain due to the lattice mismatch with substrates, which is inevitable and is not considered in these studies, although the strain relaxation may have a great effect on the MIT of these ultrathin films. In addition, chemical substitution always induces chemical disorders in strongly correlated systems that may also influence the MIT [17] . Therefore, in-depth understanding of the origin of MIT in correlated transition-metal oxides remains challenging and is essential from both fundamental and practical points of views [18] .
Heteroepitaxial strain engineering has emerged as a powerful tool to study strongly correlated systems and to explore new functionalities [19] . Effective control over lattice strain in the films has revealed many important properties, including ferromagnetism, superconductivity and ferroelectricity [20] [21] [22] . Here, we use helium (He) ion irradiation to induce "strain doping" in SVO films. Strain doping by irradiation of noble He atoms results in an uniaxial lattice expansion along the out-of-plane direction without changing the in-plane lattice constants [23] [24] [25] . For instance, Gao et al. reported that the out-of-plane lattice parameter in epitaxial La 0.7 Sr 0.3 MnO 3 thin films is continuously and independently manipulated by using He ion irradiation [23] . On the other hand, this approach bypasses the Poisson effect that always changes the lattice constant in all three directions and can clarify the related effects between order parameters and single degrees of freedom [23, 25] . Thus, this approach may provide more underlying information on MIT in correlated transition-metal oxides.
In this work, we have applied He ion irradiation to effectively modify the out-of-plane lattice parameter of the SVO films that were epitaxially grown on the STO substrates. Transport measurements revealed the emergence of the MIT with a crossover from metallic to insulating state in SVO films as the irradiation fluence is increased. Further studies of transport and magnetoresistance of the SVO films at low temperatures verified that the observed MIT is mainly attributed to electron-electron interactions rather than disorder-induced weak localization. Moreover, the combination of density functional theory and dynamical mean field theory (DFT+DMFT) calculations also indicated the enhanced electron-electron interaction due to the decrease of bandwidth W as the out-of-plane lattice is gradually expanded. These results therefore show the prospect of strain engineering by using He ion irradiation, providing a platform for modifying and exploring correlated behavior in complex oxides.
EXPERIMENTAL SECTION
SVO thin films (thickness: 50nm) were epitaxially grown on SrTiO 3 (001) single crystal substrate (a sub = 3.905 Å) by pulsed laser deposition (PLD). The deposition temperature was 650 ºC, the oxygen pressure was 1×10 -6 mbar, the KrF laser energy was 200 mJ, and the rate of 2 Hz was applied. After the deposition, these SVO films were then irradiated by He ions , and 3.5×10 15 , respectively. Besides, the Stopping and Range of Ions in Matter (SRIM) simulations confirmed that He-ions give rise to a relatively homogeneous lattice displacement into SVO thin films [26] . The crystal structures were characterized by X-ray diffraction (XRD) (PANalytical X'Pert PRO diffractometer) using Cu Kα radiation. The electrical transport measurements were carried out using the van der Pauw configuration in a Lakeshore Hall measurement system. In order to explore transport properties of the SVO films, Figure 2 To further explore the effect of irradiation on electrical transport behavior, we first describe the metallic state. Vanadate SVO is considered to be a Fermi liquid (FL) [9] , for which the temperature dependence (T) of resistivity follows the equation with an exponent n = 2
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where the residual resistivity ρ 0 is due to the electron-impurity scattering caused by defects, and A is a measure of the strength of electron-electron interactions. However, Equation 1 does not fully describe experimental data [27] . ρ(T) can only be well described when we introduce the resistivity saturation (ρ SAT ) as follows [28, 29] 
where ( ρ SAT ) is a parallel resistor, that is applied to a wide range of materials exhibiting the resistance saturation [28, 30] . Here, the dashed lines in Figure 2 Table 1 . ρ 0 continuously increases, which is attributed to the increased defects induced by the irradiation, while ρ SAT is essentially fluence-independent, which is often related to the maximum resistivity [28, 31] . More remarkable, when the fluence is increased, the coefficient A that quantifies the electron- films, which shows the resistivity upturns below T MI in both samples. This phenomenon is attempted to be interpreted by quantum corrections of the conductivity (QCC) [32] . In this three-dimensional system (3D), the temperature (T) dependence of the resistivity (ρ) can be described by [10, 32] :
where
is the 3D weak localization (WL) contribution (P = 2 or 3 is the electronelectron interactions or electron-phone scattering, respectively) [33] , while a 2 T with P=2-3 for REEI or WL, respectively. To clarify the driving force for this phenomenon in our SVO systems, the field dependence of the resistivity at low temperature needs to be considered [33] . for each temperature, and linear fits are also shown in Figure   3 (b). These observations rule out that the WL is the main contribution to the insulating behavior at low temperatures [9] . This is because the effect of the WL leads to a negative MR originating from the suppression of self-interference effects by applying a magnetic field [9, 33] . Therefore, the observed MIT in our systems is mainly attributed to the electronelectron interactions rather than the WL. To shed light on the physical origin of the MIT in SVO, we performed DFT+DMFT calculations. Our calculations were carried out using the projection-embedding implementation based on the WIEN2k package [34, 35] , where the auxiliary impurity problem is solved using the continuous-time quantum Monte Carlo method [36] . The local density approximation is applied for the exchange correlation potential as parameterized by PerdewWang [37] . Figure 4(a) ). It is noted that for the 3.5×10 15 sample, the hybridization of the t 2g bands with the other bands has been significantly changed (Figure 4(d) ). Thus, the abnormal temperature dependence of the resistivity in SVO films can be mainly attributed to electronic correlations, whose strength is tunable via He ion irradiation which is a matured technique. This study offers an effective method to explore and control MIT in correlated materials, allowing for the design of future electronic applications.
CONCLUSIONS
We have successfully manipulated the out-of-plane lattice parameter in SVO films without altering other degrees of freedom by using He ion irradiation. The transport study indicates a metal-insulator transition (MIT) with a crossover from the metallic to insulating state in SVO films as the fluence is increased. The observed MIT can be attributed to the decrease of the electronic bandwidth W due to the expansion of the out-of-plane lattice parameter induced by the irradiation, and then enhanced electron-electron interactions. The detailed investigations of transport, magnetoresistance and DFT+DMFT calculations in the insulating regime also reveal an obvious signature of strong electron-electron interactions, which is the dominant force in driving the observed MIT in SVO films. These results clearly pave a way to tune correlated behavior and develop novel functional devices based on transition-metal oxides. 
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